1. Introduction {#s0005}
===============

Coronavirus disease 2019 (COVID-19), arising from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, is currently defined as the worst pandemic disease, resulting in substantial medical and financial burden \[[@bb0005], [@bb0010], [@bb0015]\]. SARS-CoV-2 enters human lung cells via the binding of its viral spike (S) protein to the membrane-bound form of angiotensin-converting enzyme 2 (ACE2) \[[@bb0020]\]. ACE2 plays a critical role in the regulation of the renin-angiotensin-aldosterone system (RAAS) since it can catalyze angiotensin II (Ang II) to generate Ang 1--7, which exerts a protective effect on lung injury \[[@bb0025],[@bb0030]\]. Literature reports have found that hypertension is the most common comorbidity in patients infected with SARS-CoV-2, with rates of 30% in a study of 191 adult patients \[[@bb0035]\] and 16.9% in a study comprising 1590 patients \[[@bb0040]\]. ACE inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are the cornerstone of antihypertensive therapy; nevertheless, they may increase the expression of ACE2 and even increase the risk of infection \[[@bb0045]\]. Except for patients with hypertension, patients with myocardial infarction, heart failure, diabetes and chronic kidney disease may also be administered RAAS blockers in disease management \[[@bb0050], [@bb0055], [@bb0060], [@bb0065]\]. Considering the large number of patients using RAAS inhibitors worldwide, concerns that RAAS blockers increase the risk of COVID-19 have caught the attention of and have been debated among professionals.

Due to the hypothesis that RAAS inhibitors may be harmful in patients with COVID-19, some medical sources have even suggested the discontinuation of ACEIs and ARBs \[[@bb0045]\]. Nevertheless, the abrupt withdrawal of these drugs may cause a number of adverse risks, such as fluctuations in blood pressure and deterioration of cardiac function \[[@bb0050],[@bb0070]\]. Given these hypotheses and concerns, we urgently need to investigate the use of RAAS inhibitors in patients with COVID-19. Recently, some literature reports and preclinical studies have focused on this hypothesis, and current limited evidence has led to the preliminary idea that RAAS inhibitors may not be associated with an increased risk of COVID-19 or a risk of severe ratios and mortality in patients with COVID-19 \[[@bb0075],[@bb0080]\]. In this review, the latest progress and current perspective in the interaction between RAAS inhibitors and COVID-19 will be summarized and discussed.

2. The interaction between SARS-CoV-2 and the renin-angiotensin-aldosterone system {#s0010}
==================================================================================

The renin-angiotensin-aldosterone system plays a critical role in the regulation of extracellular volume homeostasis, blood pressure, cardiac function and renal function \[[@bb0050],[@bb0065],[@bb0070]\]. In addition, the system is also associated with cell proliferation, inflammation, fibrosis and severe organ injury, especially acute lung injury \[[@bb0085], [@bb0090], [@bb0095]\]. The function of the RAAS is mainly regulated by related molecules and enzymes, including Ang I, Ang II, Ang 1--7, Ang 1--9, ACE and ACE2 ([Fig. 1](#f0005){ref-type="fig"} ) \[[@bb0095]\]. Ang II, which is converted from Ang I via the metabolism of ACE, exerts its effective vasoconstriction and pro-inflammatory function based on Ang II type 1 receptors (AT1Rs) (mainly effect) and exerts its counterbalanced effect by targeting AT2Rs \[[@bb0100], [@bb0105], [@bb0110], [@bb0115]\]. Interestingly, Ang II could also induce cellular internalization of ACE2 through endocytosis and promote its degradation in lysosomes \[[@bb0120]\]. ACE2, a homologue of ACE, can metabolize Ang II to synthesize Ang 1--7 and can convert Ang I to Ang 1--9, which can be further converted to Ang 1--7 \[[@bb0125]\]. Ang 1--7 exerts several protective effects, such as antioxidative, anti-inflammatory, and antifibrotic effects, via the binding of the Mas receptor (MasR) \[[@bb0130], [@bb0135], [@bb0140]\]. Therefore, ACE2 has an important counterbalanced effect on the activation of the Ang II. The increase in ACE2 may attenuate the activation of the RAAS and participate in the improvement of lung injury, which is consistent with the results of a previous study \[[@bb0145]\]. In brief, the normal Ang II: ACE2 ratio plays an important role in the regulation of lung function or injury. Generally, ACE2 is regarded as a membrane-bound enzyme, and the levels of its soluble form (sACE2) in blood are very low \[[@bb0100],[@bb0150]\]. ADAM17 (a disintegrin and metalloprotease 17) is responsible for the cleavage of its membrane anchor. Ang II binds AT1Rs to activate ADAM17, promoting the generation of sACE2 \[[@bb0155]\]. Although the levels of sACE2 may be increased in plasma or urine in some pathological processes, such as hypertension, the expression levels of membrane ACE2 may not be affected \[[@bb0155],[@bb0160]\]. The majority of ACE2 is membrane-bound, and the RAAS has a compensatory balancing effect. General changes in sACE2 levels may not alter the effect of the virus on full-length ACE2 (membrane form). The brief showed in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Interaction between SARS-CoV-2 and the renin--angiotensin--aldosterone system. ACE metabolizes Ang I to generate Ang II, which mainly binds AT1R to activate the system and result in lung injury. ACE2 could metabolizes Ang II to generate Ang 1--7 and convert Ang I to Ang 1--9. Ang 1--9 is furtherly metabolized to generate Ang 1--7. Ang 1--7 exerts the protective effect on lung injury via binding the receptor MasR. AT2R also has a beneficial effect. The activation of AT1R promotes ADAM17 (as a "sheddase") to cleave the extracellular domain of surface ACE2, generating sACE2 and reducing surface ACE2 expression. Recombinant sACE2 may be a treatment for SARS-CoV-2. After processing of the S-protein by TMPRSS2, SARS-CoV-2 performs its human-cell entry via binding its S-protein to ACE2 and the RBD of S-protein is responsible for the process. After endocytosis of the viral complex, surface ACE2 is further down-regulated, resulting in unopposed Ang II accumulation. Local activation of the renin--angiotensin--aldosterone system may regulate lung injury responses to viral insults. The virus replicates inside the cell, leading to pneumonia and even inflammatory cytokine storms, which may contribute to other organ injury. Abbreviation: ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; ADAM17, a disintegrin and metalloprotease 17; Ang, angiotensin; AT1R, Ang II type 1 receptor; AT2R, Ang II type 2 receptor; ACEI, ACE inhibitor; ARB, angiotensin receptor blocker; MasR, Mas receptor; TMPRSS2, type II transmembrane serine protease.Fig. 1

Coronavirus entry into human cells depends on the binding of viral S proteins to cellular receptors and on S protein priming by host cell proteases \[[@bb0165],[@bb0170]\]. Hoffmann M et al. demonstrated that SARS-CoV-2 infects human cells via the binding of the S protein to the SARS-CoV receptor ACE2 and that type II transmembrane serine protease (TMPRSS2) is responsible for S protein priming \[[@bb0020]\]. TMPRSS2 entails S protein cleavage at the S1/S2 and S2′ sites, and the fusion of viral and cellular membranes is driven by the S2′ subunit. Other studies found that the SARS-CoV-2 S protein binds to its receptor human ACE2 (hACE2) via its receptor-binding domain (RBD) in key human cells \[[@bb0175], [@bb0180], [@bb0185]\]. Compared to the RBD of SARS-CoV, SARS-CoV-2 RBD has higher hACE2 binding affinity, supporting its efficient cell entry \[[@bb0175],[@bb0185]\]. However, the hACE2 binding affinity of the entire SARS-CoV-2 spike is equal to or lower than that of the SARS-CoV spike, which indicates that SARS-CoV-2 RBD has less exposure than SARS-CoV \[[@bb0175]\]. The hidden RBD may help the virus evade immune surveillance. In addition, a furin motif allows the spike of SARS-CoV-2 to be preactivated and reduces its dependence on target cell proteases for entry, which is unlike SARS-CoV \[[@bb0175]\]. All the special characteristics of SARS-CoV-2 may contribute to the rapid spread of the virus, and the difficulty of intervention is enhanced. The brief showed in [Fig. 1](#f0005){ref-type="fig"}.

Since the cell entry of SARS-CoV-2 requires the presence of the serine protease TMPRSS2, co-expression of the protein and ACE2 is necessary to acquire infectivity. Several studies have shown that co-expression of ACE2 and TMPRSS2 has been found in human nasal and respiratory sinuses, bronchial epithelium and alveolar epithelial type II cells \[[@bb0190]\]. The invasion of SARS-CoV-2 leads to typical viral pneumonia, and severe patients ultimately develop severe acute respiratory syndrome \[[@bb0195]\]. The SARS-CoV-2 infection can also introduce inflammatory "cytokine storm", which, in turn, is responsible for multiple organ injury \[[@bb0200], [@bb0205], [@bb0210]\]. In addition to expression in the respiratory system, co-expression of the two proteins has also been documented in the gastrointestinal system, cardiomyocytes, and some other tissues \[[@bb0190]\]. Another study reported that ACE2 expression was highest in the small intestine, testes, kidneys, heart, thyroid, and adipose tissue and that there was medium expression in the lungs, colon, liver, bladder, and adrenal gland \[[@bb0215]\]. The widespread expression of ACE2 suggests that the virus may invade multiple organs and cause organ damage. The brief showed in [Fig. 1](#f0005){ref-type="fig"}.

In addition, previous studies have supported that SARS-CoV infection reduces the expression of surface ACE2 in mice, which is associated with the worsening of acute lung injury \[[@bb0220]\]. Since SARS-CoV-2 and SARS-CoV share similar spike proteins, receptors and pathological processes, we speculate that SARS-CoV-2 infection may also decrease ACE2 expression. The decreased ACE2 expression in membrane could inhibit the production of Ang 1--7 and Ang 1--9 \[[@bb0125]\]. Since the metabolite Ang 1--7, as the end-point of ACE2/Ang 1--7/MasR axis, plays a critical role in maintaining the balance of RAAS \[[@bb0225]\]. The inhibition of ACE2/Ang 1--7/MasR will be associated with the enhanced activation of Ang II/AT1R, which furtherly promotes the internalization of ACE2 \[[@bb0120]\] and results in a vicious circle of the imbalance. In brief, SARS-CoV-2 infection may induce and aggravate the imbalance between ACE2/Ang 1--7/MasR and Ang II/AT1R, which promotes the aggravation of viral pneumonia or lung injury. The brief showed in [Fig. 1](#f0005){ref-type="fig"}.

3. RAAS inhibitor use and ACE2 expression {#s0015}
=========================================

Theoretically, the use of RAAS inhibitors could compensatorily lead to an increase in ACE2 expression, which leads to the concern that RAAS inhibitors may increase the risk of COVID-19 and affect the prognosis of these patients. Here, we investigated the effects of ACEIs/ARBs on ACE2 expression according to preclinical studies and clinical data.

First, preclinical studies were searched in the PubMed database, and all the related studies \[[@bb0230], [@bb0235], [@bb0240], [@bb0245], [@bb0250], [@bb0255], [@bb0260], [@bb0265], [@bb0270], [@bb0275], [@bb0280], [@bb0285], [@bb0290], [@bb0295]\] are listed in [Table 1](#t0005){ref-type="table"} . Kidoguchi et al. \[[@bb0230]\] analyzed the expression of ACE2 in adenine-induced chronic renal failure model mice, and the results suggested that azilsartan did not increase ACE2 expression in the kidney compared to the control group. However, de Jong et al. \[[@bb0245]\] revealed that losartan increased ACE2 mRNA by approximately 2-fold in contralateral (unaffected) kidneys in a unilateral ureteral obstruction (UUO) model. Another diabetic nephropathy model reported that the dose (1 mg/kg/d) of candesartan increased ACE2 expression and activity in the kidney cortex from diabetic mice, and different doses of candesartan also increased ACE2 activity by 25%--50% in the plasma of diabetic mice \[[@bb0255]\]. Nevertheless, candesartan did not increase ACE2 activity in control mice. In the heart, inserting the human renin and angiotensinogen genes into mice decreased ACE2 expression in cardiac tissue, but azilsartan, not olmesartan, recovered this change \[[@bb0260]\]. Another ARB, telmisartan, was reported to elevate the expression of cardiac ACE2 in a chronic intermittent hypoxia model \[[@bb0240]\]. However, Burchill et al. suggested that neither ramipril treatment alone nor in combination with valsartan augmented cardiac ACE2 expression in myocardial infarction mice \[[@bb0265]\]. Other studies on the effect of RAAS blockers on ACE2 expression in several organs, such as the heart, kidney, brain, intestine and thoracic aorta, are shown in [Table 1](#t0005){ref-type="table"}. According to these preclinical studies, there is no consistent evidence that the use of RAAS inhibitors leads to an increase in ACE2 expression during the pathologic course of the disease ([Fig. 2](#f0010){ref-type="fig"} ). The phenomenon may depend on different disease models, drugs, or doses. Although the expression levels of ACE2 are increased, the changes are also limited. The limited increase in ACE2 levels may not be associated with the increased risk of COVID-19 or not have an effect on the progression of COVID-19. Further observations need to be performed in clinical studies.Table 1Effect of RAAS blockers on ACE2 expression in animal models.Table 1SourceAnimalModelStudy designEffect of RAAS blockers on ACE2Kidoguchi \[[@bb0230]\]，2019MiceAdenine-induced chronic renal failure modelAzilsartan (ARB); 2 mg/kg/day orally for 4 weeksCompared to the vehicle group, azilsartan didn\'t increased ACE2 expression in kidney.Abdel-Fattah \[[@bb0235]\], 2018RatA cerebral ischemia/reperfusion (I/R) injury modelThree telmisartan (ARB) treatments: 1, 3, and 10 mg/kg/day; orally for 15 daysTelmisartan in the higher doses significantly increased ACE2 expression compared to I/R control values.Wang W \[[@bb0240]\], 2018MiceA chronic intermittent hypoxia modelTelmisartan (ARB); 10 mg/kg/d for 4 weeks, intragastricallyTelmisartan elevated the expression of cardiac ACE2.de Jong \[[@bb0245]\], 2017MiceA unilateral ureteral obstruction (UUO) modelLosartan (ARB); 100 mg/L in drinking water; for 7 daysLosartan increased ACE2 mRNA by approximately 2-fold in contralateral (unaffected) kidneys.Yisireyili \[[@bb0250]\], 2017MiceA stress-induced intestinal inflammation modelIrbesartan (ARB); 3 or 10 mg/kg/day orally for 2 weeksIrbesartan didn\'t change ACE2 expression in the intestine of the non-stressed mice, but restored ACE2 expression in stressed mice.Callera \[[@bb0255]\], 2016MiceA db/db diabetes modelCandesartan (ARB); intermediate, 1 mg/kg/d; high, 5 mg/kg/d; ultra-high, 25 and 75 mg/kg/d; subcutaneous injection for 4 weeksIn kidney cortex: candesartan (75 mg/kg/d) decreased ACE2 expression and activity from control; the dose (1 mg/kg/d) increased ACE2 expression and activity from diabetes mice; in plasma: no changes in ACE2 activity from control; Candesartan increase ACE2 activity by 25%--50% in diabetes.Iwanami \[[@bb0260]\], 2014MiceTransgenic mice (hRN/hANG-Tg)Azilsartan (ARB) or olmesartan (ARB); 1 or 5 mg/kg/day orally for 4 weeksThe expression of ACE2 mRNA in heart and kidney were lower in hRN/hANG-Tg control mice than the WT mice; azilsartan not olmesartan recovered ACE2 expression.Burchill \[[@bb0265]\], 2012RatA myocardial infarction modelRamipril (ACEI) (1 mg/kg), valsartan (ARB) (10 mg/kg) or combination; daily, orally for 28 daysNeither treatment alone nor in combination augmented cardiac ACE2 expression.Liu CX \[[@bb0270]\], 2011RatA diabetic nephropathy modelBenazepril (ACE1); 10 mg/kg/day for 4 weeks; intragastric intubationBenazepril increased ACE2 expression and activity by almost 100% in kidney, compared to the no treatment group in diabetic rat;Hamming \[[@bb0275]\], 2008RatHealth rats treated with low-sodium diet and ACEILisinopril (ACEI) dissolved in the drinking water at a dose of 75 mg/LLisinopril did not affect renal ACE2 expressionTakeda \[[@bb0280]\], 2007Ratdahl salt-sensitive hypertensive (DS) ratsCandesartan (ARB); 10 mg/kg/d orally for 8 weeksA high salt diet decreased ACE2 mRNA in heart from DS rats; candesartan moderately recovered ACE2 mRNA levels in the heart.Agata \[[@bb0285]\], 2006RatStroke-prone spontaneously hypertensive ratsOlmesartan (ARB)； 0.5 mg/kg/day orally for 4 weeksolmesartan significantly increased the cardiac ACE2 expression level compared to that in Wistar Kyoto rats and SHRSP treated with a vehicleIgase \[[@bb0290]\], 2005RatA spontaneously hypertensive ratOlmesartan (ARB); 10 mg/kg/day orally for 14 daysACE2 mRNA in the thoracic aorta of olmesartan-treated rats was fivefold greater than that in vehicle-treated rats.Ishiyama \[[@bb0295]\], 2004RatA myocardial infarction modelLosartan (ARB) (10 mg/kg/day), olmesartan (ARB) (0.1 mg/kg/day) for 28 days; osmotic minipumpsAfter myocardial infarction, cardiac ACE2 mRNAs did not change. Both losartan and olmesartan augments ACE2 mRNA by approximately 3-fold after myocardial infarction.Fig. 2The use of ACEI/ARB, ACE2 expression levels in animals or patients, the risk of SARS-CoV-2 infection, severe cases or mortality. The use of ACEI/ARB increases ACE2 expression or activity in animals: lack consistent evidence. The use of ACEI/ARB increases ACE2 expression or activity in patients: no enough evidence. The use of ACEI/ARB increases the risk of SARS-CoV-2 infection: no evidence. The use of ACEI/ARB increases the risk of severe illness or mortality in COVID-19 patients: no evidence. Whether the use of ACEI/ARB has beneficial or harmful effect on the treatment or prognosis of COVID-19 is still unknown, which need one or more randomized trials to answer the question.Fig. 2

We analyzed five clinical studies \[[@bb0300], [@bb0305], [@bb0310], [@bb0315], [@bb0320]\] to investigate the effect of RAAS inhibitors on ACE2 expression ([Table 2](#t0010){ref-type="table"} ). Wang et al. \[[@bb0300]\] reported that the use of ACEIs alone and ACEIs+ARBs did not increase urine ACE2 expression in patients with diabetic nephropathy after 12 weeks of drug use. In another study, plasma ACE2 activity was increased in male (10%) and female (20%) diabetes patients who were on ACEI treatment \[[@bb0305]\]. Additionally, Vuille-dit-Bille et al. \[[@bb0310]\] concluded that ACEIs but not ARBs increased intestinal mRNA levels of ACE2 by 1-fold in patients. In 2020, SARS-CoV-2 is rapidly spreading around the world, and the concern that RAAS inhibitor use may affect its transmission and pathogenic ability has attracted the attention \[[@bb0325]\]. Recently, 2 studies on the effects of RAAS inhibitors on ACE2 expression were performed. In one study, plasma ACE2 concentrations in 1485 men and 537 women with heart failure (index cohort) were measured \[[@bb0315]\]. The results were validated in 1123 men and 575 women (validation cohort). In the index cohort, ACEI or ARB use was not an independent predictor of plasma ACE2 levels \[[@bb0315]\]. In the validation cohort, both ACEIs (estimate = −0.17, P = 0.002) and ARBs (estimate = −0.15, P = 0.03) were independent predictors of lower plasma ACE2 \[[@bb0315]\]. Milne et al. \[[@bb0320]\] reported another clinical study that included 1051 lung tissue samples from the Human Lung Tissue Expression Quantitative Trait Loci Study (Lung eQTL Study) and investigated the gene expression of ACE2 and two relative host cell proteases (TMPRSS2 and ADAM17) that were used as cofactors for virus entry. The results showed that ACEI use was associated with significantly lower expression of ACE2 and TMPRSS2 but was not associated with ADAM17 expression \[[@bb0320]\]. ARB use was not associated with changed expression levels of these three genes \[[@bb0320]\]. According to these clinical studies, there is no strong evidence to support the idea that the use of RAAS inhibitors increases ACE2 expression in patients ([Fig. 2](#f0010){ref-type="fig"}). Therefore, the hypothesis that RAAS inhibitor use may increase the risk of COVID-19 has hardly been demonstrated.Table 2The effect of RAAS blockers on ACE2 expression in clinical study.Table 2SourceParticipantsEffect of RAAS blockers on ACE2Wang G \[[@bb0300]\], 200850 patients with diabetic nephropathy: 26 were being treated by ACEI alone, the other 24 by ACEI and ARB.The use of ACEIs alone and ACEIs+ARBs did not increase urine ACE2 expression after 12 weeks.Soro-Paavonen \[[@bb0305]\], 2012Quantitative ACE2 activity in serum was measured among 859 type 1 diabetes patients and 204 healthy controls.ACE2 activity was increased in male (10%) and female (20%) diabetes patients who were on ACEIs treatment. However, ACE2 activity was increased by ARBs use in female patients not male diabetes patients.Vuille-dit-Bille \[[@bb0310]\], 201546 patients, of which 9 were under ACEI and 13 ARB treatment.ACEIs not ARBs increased intestinal mRNA levels of ACE2 by 1-fold in patients.Sama \[[@bb0315]\], 2020ACE2 concentrations were measured in 1485 men and 537 women with heart failure (index cohort). Results were validated in 1123 men and 575 women (validation cohort).In the index cohort, use of ACEIs, or ARBs was not an independent predictor of plasma ACE2. In the validation cohort, ACEIs (estimate = −0.17, P = 0.002) and ARBs use (estimate = −0.15, P = 0.03) were independent predictors of lower plasma ACE2.Milne \[[@bb0320]\], 2020The gene expressions of ACE2 and two host cell proteases, TMPRSS2 and ADAM17, were evaluated in 1051 lung tissue samples from the Human Lung Tissue Expression Quantitative Trait Loci Study (Lung eQTL Study).ACEI use was associated with significantly lower ACE2 and TMPRSS2 expression, but was not associated with ADAM17 expression. ARBs were not associated with altered expression of these three genes.

4. RAAS inhibitor use and risk of SARS-CoV-2 infection {#s0020}
======================================================

To analyze the interaction between RAAS inhibitors and SARS-CoV-2 infection, we need direct clinical study data. After searching the PubMed databases, we recruited one population-based case-control study \[[@bb0330]\] and three other retrospective studies \[[@bb0335], [@bb0340], [@bb0345]\], all of which are shown in [Table 3](#t0015){ref-type="table"} .Table 3The association between RAAS inhibitors use and the likelihood of SARS-CoV-2 infection.Table 3SourceStudy design and participantsDetail resultsIncrease of riskMancia \[[@bb0330]\]A population-based case-control study. 6272 patients with COVID-19 matching 30,759 controls.Adjusted OR, 0.95 \[95% CI, 0.86 to 1.05\] for ARBs and 0.96 \[95% CI, 0.87 to 1.07\] for ACEINoReynolds \[[@bb0340]\]A multicenter retrospective study; Among 12,594 patients who were tested for Covid-19, 5894 (46.8%) were positive; 1002 had severe illness. 4357 patients co-existed with hypertension, among whom 2573 had a positive test; 634 of these patients had severe illness.There was no association between any single medication class (e.g. ACEIs, ARBs, or other antihypertensive drugs) and an increased likelihood of a positive COVID-19 test.NoMehta \[[@bb0345]\]A Retrospective cohort study; of 18,472 patients tested for COVID-19, 2285 (12.4%) were taking ACEIs/ARBs and 1735 (9.4%) had the positive COVID-19 test result.Overlap propensity score-weighted OR, 0.97; 95% CI, 0.81--1.15 for ACEIs/ARBs.NoDauchet \[[@bb0335]\]The study used a clinical epidemiology approach based on the estimation of standardized prevalence ratio (SPR) of consumption of ACEI and ARB in four groups of patients (including 187 COVID-19 positive) and in three French reference samples (the exhaustive North population (n = 1,569,968), a representative sample of the French population (n = 414,046), a random sample of Lille area (n = 1584)).The SPRs of consumption of ACEI and ARB drugs in COVID-19 patients were similar to the regular consumption of this drug in the reference samples.No[^2]

Mancia et al. \[[@bb0330]\] performed a case-control study that involved patients with confirmed COVID-19 in the Lombardy region of Italy. The study included 6272 COVID-19 patients and 30,759 controls who were matched based on age, sex, and municipality of residence. In a conditional logistic regression multivariate analysis, neither ACEIs nor ARBs use were associated with the risk of SARS-CoV-2 infection \[[@bb0330]\]. Reynolds et al. \[[@bb0340]\] reported a multicenter study involving 12,594 patients. Among these, 5894 (46.8%) were diagnosed with COVID-19, and 1002 had severe illness. The results indicated that there was no association between any single medication class (e.g., ACEIs, ARBs, or other antihypertensive drugs) and an increased likelihood of SARS-CoV-2 infection \[[@bb0340]\]. In a retrospective cohort study \[[@bb0345]\] from Ohio and Florida, USA, a total of 18,472 patients were tested for COVID-19. Of these, 2285 (12.4%) were taking ACEIs/ARBs, and 1735 (9.4%) had a positive COVID-19 test result. The overlap propensity score weighting showed that there was no significant association of ACEI and/or ARB use with COVID-19 test positivity (OR, 0.97; 95% CI, 0.81--1.15) \[[@bb0345]\]. In addition, Dauchet et al. \[[@bb0335]\] concluded that the standardized prevalence ratio (SPR) of consumption of ACEI and ARB drugs in COVID-19 patients was similar to the regular consumption of this drug in the reference samples.

None of the five studies provide evidence to support the hypothesis that ACEI or ARB use is associated with the risk of SARS-CoV-2 infection ([Fig. 2](#f0010){ref-type="fig"}). We suggest that hypertensive patients and other patients taking RAAS inhibitors (e.g., those with chronic heart failure, chronic renal failure and diabetes) \[[@bb0095],[@bb0350]\] should not discontinue the use of RAAS inhibitors.

5. RAAS inhibitor use and risk of COVID-19 severe illness or mortality {#s0025}
======================================================================

To investigate the interaction of RAAS inhibitors with the severe illness or mortality of COVID-19, we searched the PubMed database. A total of eleven original retrospective clinical studies \[[@bb0330],[@bb0340],[@bb0355], [@bb0360], [@bb0365], [@bb0370], [@bb0375], [@bb0380], [@bb0385], [@bb0390], [@bb0395]\] were conducted and are shown in [Table 4](#t0020){ref-type="table"} . In addition, a prospective study based on an ongoing randomized clinical trial ([NCT03201185](NCT03201185){#ir0005}) \[[@bb0400]\] randomly allocating ramipril or control among patients with successful transcatheter aortic valve replacement was collected.Table 4The association between RAAS inhibitors use and risk of severe or fatal cases with COVID-19.Table 4SourceStudy design and participantsResultsIncrease of riskPrevious use or current use at admissionMancia \[[@bb0330]\]A population-based case-control study. 6272 case patients with COVID-19 matching 30,759 controls.ARBs or ACEIs use on the risk for severe or fatal cases: adjusted OR, 0.83; 95% CI, 0.63 to 1.10 for ARBs and 0.91; 95% CI, 0.69 to 1.21 for ACEIsNoReynolds \[[@bb0340]\]A multicenter retrospective study; Among 12,594 patients who were tested for Covid-19, 5894 (46.8%) were positive; 1002 had severe illness.There was no higher risk (by ≥10 percentage points) of severe Covid-19 associated with ACEIs or ARBs use.NoAbajo \[[@bb0365]\]A case-population study; 1139 cases with COVID-19 and 11,390 population controls were enrolled.For COVID-19 requiring admission to hospital, including fatal cases and those admitted to ICU: adjusted OR, 0.94; 95% CI, 0.77--1.15 for RAAS inhibitors.NoJung S \[[@bb0370]\]A nationwide population-based cohort study. Among 5179 confirmed COVID-19 cases, 762 patients were RAAS inhibitor users and 4417 patients were nonusers.For a higher risk of mortality: adjusted OR, 0.88; 95% CI, 0.53--1.44 for RAAS inhibitors.NoMeng J \[[@bb0360]\]A single-center retrospective study; 42 patients were enrolled, including ACEI/ARB group (n = 17) and non-ACEI/ARB group (n = 25).Patients receiving ACEI or ARB therapy had a lower rate of severe diseases.NoYang G \[[@bb0380]\]A single-center retrospective study; 126 COVID-19 patients with preexisting hypertension were divided into two groups: ARBs/ACEIs group (n = 43) and non-ARBs/ACEIs group (n = 83).A lower proportion of critical patients (9.3% vs 22.9%; P = 0.061), and a lower death rate (4.7% vs 13.3%; P = 0.216) were observed in ARBs/ACEIs group than non-ARBs/ACEIs group.NoFeng Y \[[@bb0385]\]A multicenter retrospective study; 476 patients were divided into three groups (moderate, severe, and critical group).Compared with severe and critical groups, there were more patients taking ACEI/ARB in moderate group.NoPeng Y \[[@bb0390]\]A single-center retrospective study; 112 COVID-19 patients with CVD were divided into two groups (critical group and general group).No significant difference in the proportion of ACEI/ARB between the critical group and the general group or between non-survivors and survivors.No  Continue to use after admissionZhang p \[[@bb0355]\]A multicenter retrospective study; 1128 adult patients with hypertension and COVID-19 were enrolled. Model 1: 188 patients taking ACEI/ARB during hospitalization and 940 not; model 2: 1:2 (174 with ACEI/ARB use:348 without) matching; model 3: 1:1 (181 with ACEI/ARB use:181 with other antihypertensive drugs) matching.ACEI/ARB use on the risk for all-cause mortality: Model 1: adjusted HR, 0.42; 95% CI, 0.19--0.92; P = .03; Model 2: adjusted HR, 0.37; 95%CI, 0.15--0.89; P = .03; Model 3: adjusted HR, 0.29; 95%CI, 0.12--0.69; P = 0.005.No; possibly reduce riskLi J \[[@bb0375]\]A single-center retrospective study; 362 COVID-19 patients with hypertension were enrolled, including 115 patients (31.8%) taking ACEI/ARBs.The percentage of patients with hypertension taking ACEIs/ARBs did not differ between those with severe and nonsevere infections nor between nonsurvivors and survivors.NoHuang Z \[[@bb0395]\]An observational registry study; 50 hospitalized hypertension patients with COVID-19 were grouped into RAS blockers group (n = 20) and non-RAS blockers group (n = 30).There was no significant difference in clinical severity, clinical course and in-hospital mortality between RAS blockers group and non-RAS blockers group.No[^3]

First, we analyzed the current or previous use of RAAS inhibitors. Mancia et al. \[[@bb0330]\] recruited 6272 patients with COVID-19 in Italy and concluded that there was no evidence that the use of ACEIs or ARBs increased the risk of COVID-19 severe or fatal illness. Reynolds et al. \[[@bb0340]\] reported 5894 COVID-19 patients in New York and suggested that neither ACEIs nor ARBs were associated with a significant increase in the risk of severe illness. In both of the studies described above, the medication data were extracted from medical histories. Abajo et al. \[[@bb0365]\] collected data for 1139 patients with positive COVID-19 test and 11,390 population controls in Spain and defined exposure to the drugs (ACEIs/ARBs) as current use. They concluded that ACEIs/ARBs did not affect the risk of COVID-19 requiring admission to hospitals, including these fatal cases and critical cases (admitted to the ICU), which indicated that these drugs should not be discontinued or replaced. In another study from South Korea \[[@bb0370]\], the author identified all RAAS inhibitors that were prescribed within 1 year before the index date. They also concluded that prior use of RAAS inhibitors was not independently associated with mortality among COVID-19 patients. A similar conclusion was also supported by several other studies with small sample sizes from China \[[@bb0360],[@bb0380], [@bb0385], [@bb0390]\].

Second, we analyzed the association between the continued use of RAAS inhibitors during hospitalization or observation and severe or fatal illness. P Zhang et al. \[[@bb0355]\] reported a multicenter retrospective study, and 1128 adult patients with hypertension who were diagnosed with COVID-19 were enrolled. Patients with hypertension were classified as the ACEI/ARB group (n = 188) or non-ACEI/ARB group (n = 940) according to whether they received ACEI/ARB treatment during hospitalization. The results found that the ACEI/ARB group had a lower unadjusted mortality than the non-ACEI/ARB group (3.7% vs. 9.8%; P = 0.01). After adjusting for age, sex, comorbidities and in-hospital medications, the observed risk for all-cause in-hospital mortality was still lower in the ACEI/ARB group than in the non-ACEI/ARB group (adjusted hazard ratio, 0.42; 95% CI, 0.19--0.92; P = 0.03). In a propensity score-matched analysis followed by balancing relative variables, similar results were observed (adjusted hazard ratio, 0.37; 95% CI, 0.15--0.89; P = 0.03). In a further subgroup propensity score-matched analysis, the risk of all-cause mortality was also lower in the ACEI/ARB group than in the group using other antihypertensive drugs (adjusted hazard ratio, 0.30; 95% CI, 0.12--0.70; P = 0.01). The study suggested that the inpatient use of RAAS inhibitors may decrease the risk of all-cause mortality in patients with hypertension and COVID-19. J Li et al. \[[@bb0315]\] conducted another single-center retrospective study in which 362 COVID-19 patients with hypertension were enrolled, including 115 patients (31.8%) taking ACEI/ARBs at admission with continued use during hospitalization. The results concluded that there were no differences in the percentage of patients taking ACEIs/ARBs between those with severe and nonsevere infections or between nonsurvivors and survivors. In addition, a small retrospective study from China concluded that there were no obvious differences in clinical characteristics, including clinical severity, clinical course and in-hospital mortality, between the RAAS inhibitor group and the non-RAAS inhibitor group \[[@bb0395]\]. Although all three studies were retrospective and the interpretation of the conclusion was interfered by some underlying confounders, it is impossible to support the hypothesis that inpatient use of RAAS inhibitors is associated with an increased risk for severe illness or mortality.

To evaluate if RAAS inhibitors affect the risk for COVID-19, a prospective study has reached a preliminary conclusion \[[@bb0400]\]. The prospective study was based on an ongoing randomized control study, which allocated ramipril or control among patients with successful transcatheter aortic valve replacement. The study enrolled 102 patients including 50 ramipril and 52 controls, and these patients took the medicine for at least a month. The results found that ramipril was not associated with the incidence or severity of COVID-19 in the old patients with cardiovascular disease. However, there were only eleven patients diagnosed with COVID-19 in the study, indicating the small size trial had a limited influence on the conclusion.

Taken together, the results of current studies do not support the concerns that the use of RAAS inhibitors increases the risk of SARS-CoV-2 infection and poor prognosis in patients with COVID-19 ([Fig. 2](#f0010){ref-type="fig"}). Considering the cornerstone role of RAAS inhibitors in the treatment of hypertension and heart failure, RAAS inhibitors should continue to be prescribed or used in these patients and should not be recommended for suspension or replacement in those with confirmed COVID-19, which is consistent with suggestions from professional scientific societies and experts \[[@bb0075],[@bb0080],[@bb0405]\].

6. RAAS inhibitors: "allies" in the treatment of COVID-19? {#s0030}
==========================================================

P Zhang et al. \[[@bb0355]\] suggested that the mortality was lower in the ACEIs/ARBs group than the group with other antihypertensive drugs and ACEIs/ARBs use may have beneficial effects on the outcomes of patients with COVID-19. Besides, two meta-analyses suggested that the use of RAAS inhibitors may decrease the risk of mortality in COVID-19 patients \[[@bb0410],[@bb0415]\]. Are these RAAS inhibitors "allies" in the treatment of COVID-19? ACEIs use inhibits the generation of Ang II, indirectly promoting Ang II to product Ang 1--9 and Ang 1--7 via ACE2. The activation of Ang II/AT1R is partly inhibited and the balance may gradually shift in favor of lung function. The use of ARBs can directly block the function of AT1R and the activity of Ang II/AT1R axis and, as a compensatory, enhance the activity of AEC2/Ang 1--7/MasR axis, whose end-point is metabolite Ang 1--7. Previous studies have supported that the administration of Ang 1--7 protects against experimental acute lung injury and acute respiratory distress syndrome \[[@bb0420], [@bb0425], [@bb0430]\]. Besides, the inactivation of AT1R may reduce the cleavage and internalization of the surface ACE2 \[[@bb0120],[@bb0155],[@bb0435]\]. And the maintaining of surface ACE2 in lung will furtherly promote the production of Ang 1--7. Taken together, ACEIs and ARBs may contribute to the attenuation of lung injury or inflammation via the induction of Ang 1--7 in COVID-19 patients. Therefore, ACEIs and ARBs may theoretically be the candidates for the treatment of COVID-19 patients. ARBs, as the direct antagonist of AT1R, should attract more attention. However, we still need more randomized trials to definitively answer the question of whether ACE inhibitors or ARBs pose benefits to patients with COVID-19 ([Fig. 2](#f0010){ref-type="fig"}). After checking the U.S. National Library of Medicine, we found that several registered randomized trials (including [NCT04330300](NCT04330300){#ir0010}, [NCT04355429](NCT04355429){#ir0015}, [NCT04345406](NCT04345406){#ir0020} and [NCT04312009](NCT04312009){#ir0025}) have started to address this question, and the results deserve our attention in the future \[[@bb0440], [@bb0445], [@bb0450], [@bb0455], [@bb0460]\]. In addition, ACE2/Ang 1--7/MasR axis may be a promising intervention target to prevent from SARS-CoV-2 induced lung injury. And, whether recombinant Ang 1--7 and the agonist of MasR have a beneficial effect on the treatment of COVID-19 needs furtherly preclinical and clinical studies in the future.

7. Conclusion {#s0035}
=============

Current evidence does not support the concerns that the use of RAAS inhibitors is associated with an increased risk of SARS-CoV-2 infection or poor prognosis. General patients and even COVID-19 patients are advised to continue using RAAS inhibitors, since the inappropriate discontinuation of or changes in medication may lead to fluctuations in blood pressure or the progression of related diseases. Whether the use of RAAS inhibitors poses benefits to the treatment or prognosis of COVID-19 patients furtherly needs more randomized trials in future.
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